Many organic chemicals have been found to be active in controlling various physiologic processes associated with plant growth. In the course of a study concerning the effect of one group of these compounds, the herbicides, on the respiration of members of the genus Azotobacter, Magee (1954) noted that the source of nitrogen in the respiratory menstruum affected the response of the organisms to 2,4-dichlorophenoxyacetic acid (2,4-D). There was found to be a difference in the sensitivity to the action of 2, 4-D between cells fixing nitrogen and cells utilizing fixed nitrogen. During the present investigation it became obvious that this differential sensitivity was affected by the level of phosphate present in the respiratory medium.
used was the nitroAe n-free medium described by Fred and Waksman (1928) . For the ammonium-nitrogen medium, ammonium carbonate, which had been previously sterilized by filtration, was added to the basal medium to bring the final concentration of nitrogen to 200 ppm. The pH of the medium was adjusted to 7.0.
The organisms used were: a stock culture of Azotobacter agile; A. vinelandii strain Original; and a culture of Azotobacter chroococcum isolated from Mhooni type sugar-cane soil.
To prepare cell crops, 1 ml of a 24-hr liquid culture was used to inoculate bottle slants which were then incubated at 30 C for 24 hr. The cells were washed from the surface of the bottle slants with either: a phosphate buffer solution (pH 7.0) prepared by adding 50 ml of 0.2 M KH2PO4 to 29.6 ml of 0.2 M NaOH, making the solution 0.126 M with respect to phosphate; or a mineral salts solution (pH 7.0) of the same composition as the basal medium except that the mannitol was omitted. This latter solution was 0.003 M with respect to phosphate. The turbidity of the cell suspensions was adjusted in a Klett-Summerson photoelectric colorimeter by dilution with the same type of solution used for harvesting the cells, using the no. 42 filter. The turbidity of the cell suspension used in each experiment is indicated on each graph, following the symbol "K.S."
Preparation of solutions of 2, 4-D and related compounds. Aqueous solutions of these compounds were used at strengths necessary to give the desired concentration when 0. (1951) , were employed for the measurement of oxygen uptake by the cell suspensions. In all of the experiments, air constituted the gas phase. The temperature of the water bath was 31 C. All flasks were run in duplicate and each contained 0.1 ml of 20 per cent KOH in the center well and 1 ml of medium in the main compartment. Each sidearm contained 0.5 ml of the material to be added to the main compartment; when two materials were to be added, doujble sidearm flasks were used and 0.5 ml of cell suspension of twice the usual turbidity was used in the main compartment, rather than the 1 ml employed when only one material was added. The total volume was thus kept constant at 2.6 ml. The time of addition of material from the sidearm is indicated on each graph by the symbol "T."
RESULTS AND DISCUSSION
The differential sensitivity to 2,4-D of cells respiring in nitrogen-free and ammonium-nitrogen media. There was found to be no difference in the rates of active respiration of A. vinelandii in nitrogen-free and am- Newton et al. (1953) that A. vinelandii is able to utilize ammonium-nitrogen almost immediately after a transfer from nitrogen-free medium. Since the organism is able to fix nitrogen in the absence of a source of fixed nitrogen, it could be expected to do so when transferred from an ammonium-nitrogen to a nitrogen-free medium.
In the presence of 2,4-D, however, the respiration of the organisms was found to be differentially sensitive in the two media to the inhibitory effect of the herbicide. The results shown in figure 1 confirm the report of Magee (1954) that cells of A. vinelandii harvested with the phosphate buffer were less sensitive to the action of 2,4-D while respiring in a nitrogen-free medium than in one containing ammonium-nitrogen. This relationship also was unaffected by the previous growth history of the organism as to nitrogen source.
Cells harvested with the mineral salts solution rather than with the phosphate buffer are shown in figure 2 to respond differently to 2,4-D. In this case the respiration of cells in the ammonium-nitrogen medium was less affected by the herbicide than was the respiration of cells in a nitrogen-free medium. The amount of inhibition in both cases appeared to be less than that which was exhibited when the cells were harvested with the phosphate buffer (figure 1).
To determine the possible influence of the constituents of the mineral salts solution upon the reversal of the relative amounts of inhibition by 2,4-D in the two respiratory media, the experiment was repeated using cells harvested with preparations of the mineral salts solution in which each of the salts, in turn, was omitted. No difference in the results shown in figure 2 was obtained when each of the following was omitted: sodium molybdate, manganese sulfate, ferric chloride, or magnesium sulfate. (1952) and Neely et al. (1950) on the effect of 2,4-D on plant phosphatase and phosphorylase activity.
In the second category, Nance (1949) found that The results of studies on the relations between 2,4-D and phosphate in higher plants have led several investigators (for example, Bonner, 1954) to conclude that plant growth regulators affect growth and respiration through a system which involves the metabolism of phosphate. The findings reported here indicate that this may be truie also in the case of Azotobacter.
The effect of compounds related to 2,4-D on the respiration of A. vinelandii. In table 2 are listed the molar concentrations of compounds related to the triethanolamine salt of 2,4-D which are required for 50 per cent inhibition of the respiration of A. vinelandii in a nitrogen-free medium. These experiments give indications as to which part of the molecule was effective in producing the respiratory inhibition. That the inert materials present in the commercial formulation were not responsible for the effects is demonstrated by the fact that the pure triethanolamine salt of 2,4-D was effective at approximately the same molar concentration as the commercial product. Since triethanolamine, per se, was not inhibitory and sodium phenoxyacetate was effective at equal concentrations to the triethanolamine salt, it would seem that the phenoxyacetate moiety of the molecule, and not the triethanolamine or the two chlorine atoms, was responsible for the inhibition of respiration produced by 2,4-D.
Although sodium phenoxyacetate was as effective as 2,4-D in producing inhibition of respiration, the increased inhibition in the presence of high concentrations of phosphate and the differential sensitivity of cells respiring in nitrogen-free and ammonium-nitrogen media were not apparent with the unchlorinated compound (figure 4).
The 2,4,5-T, differing from 2,4-D by the presence of one more chlorine atom, was 3 to 4 times more inhibitory than the latter compound (table 2). Figure 5 shows that the effect of phosphate in increasing the amount of respiratory inhibition brought about by the herbicide, is very evident with 2,4,5-T, as it was with 2,4-D. In other work, not presented here, it was found that the differential sensitivity in the two nitrogen media was considerably less clear-cut with 2,4, 5-T and results, in this case, were not conclusive.
According to Bonner (1954) , phenoxyacetate is essentially devoid of auxin activity in plants, whereas both 2, 4-D and 2,4, 5-T have a high degree of such activity. The effect of phosphate in increasing 2,4-D toxicity has been noted in the case both of higher plants and of Azotobacter. The fact that this phosphate effect is absent when sodium phenoxyacetate (which is without auxin activity) is bringing about the respiratory inhibition suggests a similarity of 2,4-D action on phosphate metabolism in higher plants and in this microorganism.
ACKNOWLEDGMENT The authors wish to thank the Dow Chemical Company for aid in the support of this research. SUMMARY In the presence of a low concentration of phosphate (0.003 M), cells of Azotobacter vinelandii were more sensitive to 2,4-D while respiring in a nitrogen-free medium than in a medium containing ammonium-nitrogen. In the presence of a higher concentration of phosphate (0.05 M), the reverse was true.
In the presence of 2,4-D, an increased sensitivity of cells respiring in both media paralleled an increase in the phosphate content of the media, the effect being most evident when the phosphate was added simultaneously with the 2,4-D.
The inhibitory action of the commercial formulation of 2,4-D on the respiration of A. vinelandii was found to be due to the phenoxyacetate moiety of the molecule, and not to the inert materials present, nor to the triethanolamine portion of the molecule, nor to the 2 chlorine atoms.
Differential sensitivity in nitrogen-free and ammonium-nitrogen media and increased sensitivity in the presence of phosphate, however, were exhibited only with the chlorinated compounds 2,4-D and 2,4, 5-T.
